Engineered microbes are becoming increasingly important as recombinant production platforms. However, the nonfunctionality of membrane-bound cytochrome P450 enzymes precludes the use of industrially relevant prokaryotes such as Escherichia coli for high-level in vivo synthesis of many functional plant-derived compounds. We describe the design of a series of artificial isoflavone synthases that allowed the robust production of plant estrogen pharmaceuticals by E. coli. Through this methodology, a plant P450 construct was assembled to mimic the architecture of a self-sufficient bacterial P450 and contained tailor-made membrane recognition signals. The specific in vivo production catalyzed by one identified chimera was up to 20-fold higher than that achieved by the native enzyme expressed in a eukaryotic host and up to 10-fold higher than production by plants. This novel biological device is a strategy for the utilization of laboratory bacteria to robustly manufacture high-value plant P450 products.
Approximately half of the pharmaceuticals in clinical use today originated from natural compounds (25) . The plant kingdom is an invaluable apothecary, for it is the origin of many of the most potent drugs. For the development of human therapeutics, large amounts of plant tissues are required (16) . Nevertheless, total chemical synthesis of many plant products is often not feasible given the complexity of enantioselective reactions and low yields. Because of these bottlenecks, the scarcity of natural products has resulted in predicaments in drug development and the depletion of environmental components (25) .
Owing to their success in producing large-scale commercial commodities (3, 7) , Escherichia coli strains have been engineered to synthesize many important natural products from plants and other hard-to-culture organisms to sustain the availability of drug candidates (10, 13, 17, 21, 26) . Low productivity was a major challenge of the recombinant technology which was overcome by using tools based on systems biology (2) . One remaining primary disadvantage of the bacterial platform is the nonfunctionality of many key plant enzymes, notably, the membrane-bound cytochrome P450 family (8, 18) . This challenge hinders the biosynthesis of many functional molecules by recombinant bacteria. Two major factors prohibit plant P450 enzymes from functioning in E. coli. First is the absence in E. coli of cytochrome P450 reductases (CPRs), which are required by eukaryotic P450 enzymes for electron transfer (27) . Second is the translational incompatibility of the membrane signal modules of microsomal P450 enzymes with the bacterium due to the absence of an endoplasmic reticulum (4, 30) . A number of studies have attempted to improve the production of functional plant P450 enzymes by E. coli. In most cases, enzyme activity was restored only in vitro, necessitating the use of radioactive substrates to detect the reaction products (6, 11, 23) . So far, the reported level of in vivo synthesis of plant hydroxylated products by E. coli has been extremely low (13, 18) , and therefore, this strategy has not been suitable for largescale applications.
Plant estrogen is a target of therapeutic development. Soy isoflavones are currently being tested in chemoprevention clinical trials sponsored by the National Cancer Institute (http://clinicaltrials .gov/ct/show/NCT00513916). Moreover, the isoflavone derivative phenoxodiol (Novogen) is the first new oncology agent among the multiple signal transduction regulators to have entered phase III clinical trials (http://www.phenoxodiol.com/). In plants, isoflavones are synthesized from flavanones, which undergo hydroxylation and novel aryl ring migration mediated by isoflavone synthase (IFS), following spontaneous or enzymatic dehydration (1, 28) . To increase the availability of these pharmaceuticals, we engineered a series of artificial P450 enzymes that allowed robust in vivo synthesis of isoflavones by E. coli.
MATERIALS AND METHODS
Plant materials and bacterial strains. Glycine max seeds were germinated in the dark at 30°C for 3 to 5 days in a growth chamber to obtain etiolated seedlings. Seedlings were wounded by cutting small slits (ϳ1-mm sections). Incubation in the dark was continued for 8 h before harvesting. Catharanthus roseus plants were purchased from a local nursery. Harvested plant tissues were flash frozen using liquid nitrogen and stored at Ϫ70°C until use. ) and 7 to 520 (IFS1 ), IFS1 fused to a sequence encoding the mammalian peptide ε (IFS1[ε:7-520]), and the IFS1 gene sequence encoding amino acids 25 to 520 fused to a sequence encoding the mammalian peptide ε (IFS1[ε:25-520]) were individually inserted into pCPR[72-714] to construct E1, E2, E3, and E4, respectively. To yield E5, IFS1 was first cloned into pCR2.1-TOPO (Invitrogen). IFS1 [:3-520 ] was constructed by PCR, which joined IFS1 with the lacZ␣ leader sequence encoding . A silent mutation was introduced into the lacZ␣ sequence to remove a HindIII site, and the mutated sequence was fused to IFS1 to create IFS1[26L: , which was then cloned between HindIII and BamHI sites of pCPR . All original or modified cDNA sequences were obtained using PCR with a customized oligonucleotide design (Tables 1  and 2 ). PCR gene amplifications were performed using an Expand high-fidelity PCR system (Roche). Gene sequences were confirmed by direct sequencing (Biopolymer Resource, Roswell Park Cancer Institute). Restriction endonucleases and T4 DNA ligase from New England Biolabs and Promega were used in subcloning. Subclones were verified by restriction analysis.
In vivo P450 activity measurement. E. coli strains (TOP10FЈ, BL21Star, DH5␣, and JM109) were transformed with plasmids harboring the P450 constructs. Positive transformants were selected on Luria-Bertani (LB; Sigma) agar plates containing 100 g of ampicillin/ml and 1% glucose. For each construct, six colonies were chosen and plated onto fresh LB agar plates with ampicillin and glucose to confirm colony-forming ability. The presence of gene constructs was confirmed by restriction analysis. All liquid cultures were supplemented with 1% glucose and 100 g of ampicillin/ml, and the bacteria were grown in 250-ml flasks with 300-rpm orbital shaking. Initially, strains at a starting optical density at 600 nm (OD 600 ) of 0.1 were seeded into LB medium from 3-ml overnight cultures and grown until the cultures reached an OD 600 of 0.8. At this point, protein expression was induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside), and the strains were grown for 3 h at 30°C. Cells were collected by centrifugation and resuspended in either Terrific broth (TB; Difco) or M9 minimal medium (1ϫ M9 salts [Difco], 6 nM thiamine, 1 M MgSO 4 ), supplemented with 1 mM IPTG and the flavanone substrate naringenin or liquiritigenin (Indofine) at a concentration of 0.05 mM. Because phenylpropanoic products are excreted from E. coli into the culture medium (18) , the in vivo reaction products were analyzed by extracting the culture medium with ethyl acetate. The organic phase was evaporated in vacuo, the residues were dissolved in methanol-HCl (9:1, vol/vol) solution, and the solution was continuously mixed for 1 h and incubated at 55°C for 15 min. The solution was then evaporated, and the residue was redissolved in methanol for HPLC analysis. HPLC was performed using an Agilent 1100 series instrument and a reverse-phase ZORBAX SB-C 18 column (4.6 by 150 mm). Compounds were separated by isocratic elution with methanol-0.1% formic acid in water (1:1, vol/vol) at a flow rate of 1.0 ml/min. Products were identified by matching the retention times, cochromatography patterns, and UV spectra of standard genistein and daidzein (Indofine).
RESULTS

Engineering of one-component artificial isoflavone synthase.
A soluble P450 enzyme from Bacillus megaterium (P450BM-3) was previously shown to contain both heme and reductase domains on a single polypeptide (self-sufficient). Because of this feature, P450BM-3 exhibits the highest turnover rate among known P450 enzymes (27) . We imitated the unique architecture of the bacterial enzyme to design an artificial plant P450 (Fig. 1a) . cDNAs encoding IFS1 (15) and fulllength CPR, comprising amino acids 1 to 714 (CPR ), were derived from G. max and C. roseus, respectively. Catharanthus CPR was chosen because it enhances the catalysis by different plant P450 enzymes in vivo in engineered yeast strains (19) . A total of 71 N-terminal residues of CPR were deleted to create CPR[72-714] in order to reduce membrane association without compromising catalytic activities (18, 22) . To engineer the one-component enzyme, first the stop codon of IFS1 was removed to create IFS1 . Next, the 3Ј terminus of the modified IFS1 cDNA was adjoined at the 5Ј terminus to CPR[72-714] cDNA through an artificial linker () to create a translational fusion (Fig. 1b) . The fragment, encoding a glycine-serine-threonine (GST) sequence, was chosen for use in engineering a GSTSSGSG junction that would prevent the formation of secondary structures. For comparison, we also attempted to functionalize IFS in E. coli by CPR coexpression. To allow transcription initiation, a start codon was attached in front of the truncated CPR cDNA to create CPR , which was fused to IFS1 in construct C (Fig. 1b) . However, even though CPR was coexpressed from construct C, we anticipated that the low turnover rate of construct C would result in low-level in vivo catalysis because in order to facilitate electron shuttling, mi- crosomal P450 enzymes rely on both electrostatic and hydrophobic forces to interact with the P450 redox partners (27) . To test the functionality and in vivo catalysis, E. coli strains JM109, TOP10FЈ, BL21Star, and DH5␣ were used as wholecell biocatalysts. The characterization of the in vivo conversion of naringenin to genistein demonstrated that construct C did not yield P450 activity in any strain except DH5␣. However, the expression in DH5␣ yielded genistein at only 300 ppm (Fig.  1c) . The one-component enzyme construct, E1, enabled genistein synthesis by all the E. coli strains (Fig. 1c) . The effect of the increased turnover rate could be observed in the 2.4-fold increase in production by DH5␣ expressing E1 over that by the strain expressing the C construct. However, the overall in vivo catalysis by the E1 enzyme still suffered from low efficiency and resulted in isoflavonoid synthesis at levels up to only 800 ppm, suggesting nonoptimal functionality of the artificial system.
Fine-tuning the membrane recognition signal of artificial P450 enzymes. The incompatibility of the membrane recognition signal of eukaryotic P450 leads to nonfunctionality in E. coli (4). However, unlike mammalian P450 enzymes, plant P450 enzymes have not been extensively characterized. When the N terminus of IFS1 was aligned with corresponding regions of various characterized mammalian P450 enzymes (31), several distinct regions were recognized (Fig. 1d) . IFS1 starts with a domain spanning around 20 residues rich in hydrophobic amino acids. Next to this region, a domain enriched with positively charged residues, followed by a proline-rich cluster, comprises around 20 residues. Studies of mammalian P450 enzymes have demonstrated that the N-terminal hydrophobic segment serves as a membrane anchor and that the positively charged domain halts translocation into the endoplasmic reticulum membranes. Moreover, it was speculated that the pro- line-rich domain serves as a hinge bridging the anchor module and the cytoplasmic heme-containing domain (29) . To search for one-component enzyme chimeras that displayed optimum activity in E. coli, we created several tailor-made membrane recognition signals at the N terminus. The first reconstruction of the membrane signal was performed by removing six N-terminal residues of the E1 enzyme to generate the E2 enzyme (Fig. 2a ). This approach was tested because N-terminal truncations of mammalian P450 enzymes have been used previously to enhance protein solubility in E. coli for crystallization purposes (29) . Our results demonstrated that all bacterial strains expressing E2 had only marginal increases in genistein production compared with those expressing E1 (Fig. 2b) . Therefore, the removal of the six residues of the native membrane signal did not significantly improve catalysis by the one-component enzyme chimera.
The expression of the bovine 17␣-hydroxylase in E. coli was enabled by codon modifications in the sequence encoding the N-terminal peptide (4). To explore the feasibility of improving catalysis by the one-component plant P450 enzyme chimera by using a mammalian leader sequence (Fig. 1c) , we created E3 by combining E2 with a DNA fragment encoding the eightresidue synthetic mammalian peptide ε (Fig. 2a) . The expression of E3 improved genistein production by all strains. The highest level of production obtained was that by TOP10FЈ. Compared with the productivity catalyzed by E2 expression, catalysis by E3 resulted in a fivefold improvement in productivity, with genistein synthesized at 4,000 ppm (Fig. 2b) . On the basis of these results, we postulated that a chimera with the further removal of the native P450 anchor, followed by replacement with ε, would display similar or improved in vivo activity. We created the E4 enzyme by removing 24 N-terminal residues of the E1 enzyme and replacing them with ε (Fig. 2a) . Surprisingly, bacteria expressing E4 generated genistein at a low level similar to the levels generated by bacteria expressing E1 or E2 (Fig. 2b) . This result suggests that substantial removal up to the stop signal sequence of IFS1 severely reduced the in vivo activity of the one-component enzyme chimera. We also examined the effect of the minimum removal of the native membrane module and the utility of an E. coli native gene product as a leader sequence. The E5 enzyme was generated by replacing two N-terminal residues of the E1 enzyme with 26 residues of (Fig. 2c) , a modified E. coli LacZ␣ fragment for ␣-complementation (Fig. 2a) . The in vivo assays demonstrated that the expression of E5 resulted in the synthesis of relatively high levels of genistein (2,700 ppm) by E. coli TOP10FЈ (Fig.  2b) . However, the levels of improvement in genistein synthesis by all other strains were not pronounced. These data showed that by using as a leader sequence, the functionality of the one-component enzyme in E. coli could be improved, even though replacement with the bacterial sequence resulted in a range of activities in different E. coli strains. Overall, by finetuning modifications of the membrane signal, we identified an artificial construct (the E3 enzyme) that robustly performed in vivo catalysis in E. coli. Variation of the membrane recognition signal also corresponded to variability in growth kinetics of the E. coli biocatalysts (Fig. 2d ). E. coli bacteria expressing onecomponent enzyme chimeras with short membrane signals (E2 and E4) or expressing the nonfunctional construct C initially exhibited a high exponential-growth rate (ϳ1.1 h Ϫ1 ). However, the expression of the one-component enzyme constructs that still contained the native plant membrane signal (E2 and E5) resulted in a low initial growth rate (ϳ0.2 h Ϫ1 ). Furthermore, the initial growth rate of TOP10FЈ expressing the most robust chimera, E3, was intermediate and was calculated to be ϳ0.7 h Ϫ1 . The productivity of E. coli TOP10FЈ expressing the highly active chimera (E3) was compared with that of the yeast expressing the native IFS1 together with CPR. Monitoring production levels from the E. coli biocatalysts cultured in minimal and rich media showed that higher levels of isoflavone synthesis were achieved in minimal-medium cultures, even though biomass generation was reduced (Fig. 3) . The recombinant E. coli bacteria also generated significantly larger amounts of genistein and daidzein than the recombinant yeast (Fig. 3) . This result demonstrates that the engineered P450 machinery resulted in a higher level of in vivo isoflavone synthesis by E. coli than by a eukaryotic host, such as yeast. This difference is more pronounced when one takes into account the fact that the yeast biomass was ϳ5-fold greater (OD 600 of ϳ15) than that of E. coli grown in minimal medium. The maximum amounts of genistein and daidzein produced by the recombinant E. coli strain were ϳ10 and ϳ18 mg/g (dry weight) of cells (ϳ5,000 and ϳ10,000 ppm), respectively, in 24 h. The highest levels of genistein and daidzein synthesized by yeast were ϳ0.5 and ϳ2 mg/g (dry weight) of cells (ϳ1,000 and ϳ2,000 ppm). Therefore, catalysis by the artificial P450 resulted in an increase of up to ϳ5-fold in the volume of production over that catalyzed by the native P450 expressed in yeast. On the basis of specific biomass production, this value correlates to a ϳ20-fold increase over the production catalyzed by the wild-type enzyme.
DISCUSSION
Since P450 enzymes are powerful catalysts, attempts have recently been made to engineer bacterial P450 enzymes in order to attain improved functions for potential industrial applications (14, 24) . Plant-derived P450 enzymes are indispensable and integral in the synthesis of drugs and functional chemicals. However, the utilization of plant P450 enzymes to synthesize plant pharmaceuticals by means of biotechnology has been prevented because currently, methods to isolate P450 enzymes from plants result in low yields and the loss of enzyme activities. Heterologous expression of plant P450 enzymes by using rapidly growing industrial bacteria such as E. coli may present a viable solution to this dilemma. However, the nonfunctionality of plant P450 enzymes in E. coli presents a ratelimiting step in the recombinant approach.
We initially attempted to functionalize the plant P450 isoflavone synthase in E. coli by coexpression with a plant P450 reductase in order to compensate for the lack of P450 redox partner proteins in E. coli. However, this expression system generated only low levels of isoflavonoid in DH5␣ and no isoflavonoid in the other common E. coli strains tested. The low turnover rate of the wild-type P450 was improved by the construction of a one-component artificial enzyme that mimics the architecture of the bacterial P450BM-3, an enzyme that exhibits the highest turnover rate of any known P450 enzyme. The increased turnover rate of the artificial enzyme was indicated by the elevated synthesis of isoflavone, which demonstrated the importance of domain interaction between the cytochrome P450 and its redox partner protein.
The other primary challenge of plant P450 expression in E. coli is the incompatibility of the membrane recognition signal. In order to explore the feasibility of further improving the in vivo redox activity of the artificial enzyme, the sequence of the N-terminal domain of the P450 was fine-tuned by splicing at different locations and inserting modified sequences. The finetuning strategy resulted in the identification of a chimeric P450 that was better able than the wild-type enzyme expressed in yeast to synthesize plant-derived isoflavones. The expression of the most prominent chimera in bacteria catalyzed the production of higher levels of P450 products than the expression of the wild-type enzyme in yeast, which is a widely used eukaryotic expression host of membrane-bound P450 enzymes. Moreover, the bacterial synthesis also compared well with that by soy plants engineered to improve isoflavone contents (ϳ1 and ϳ3 mg/g of seed weight for genistein and daidzein, respectively [20, 32] ). Therefore, not only could the artificial enzyme design be used to increase the availability of plant estrogen pharmaceuticals, but it also could potentially be applied across a diverse range of plant P450 enzymes to enable high-level synthesis of other scarce plant chemicals by industrial microbes such as E. coli.
From the perspective of biosynthetic engineering, the robust expression of the chimeric P450 allows the reconstitution of complete plant biosynthetic pathways (5) in E. coli strains that contain membrane-bound P450 enzymes. This platform not only presents a new strategy to synthesize natural pharmaceuticals but can also be applied to mutasynthesis strategies for novel chemical structures (9) .
